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To investigate the impact of acute heat exposure on maintenance of redox homeostasis and antioxidant
balance related to aging, we have determined the GSH levels in the liver and kidney, and the activity of
antioxidant enzymes in the same organs fromWistar rats at two different ages, 35 days and 18 months.
The animals were housed individually in a special heated chamber maintaining a constant temperature
of 4070.5 1C. The results showed that the level of endogenous GSH was significantly lower in aged
than in young animals. In general, the activity of antioxidant enzymes in investigated tissues displayed
an age-dependent decline. Indeed, we found unchanged CAT activity and decreased GPx activity with
age. On the other hand acute heat exposure led to disproportion between peroxide metabolizing
enzymes (CAT, GPx) and GR, thus promoting H2O2 accumulation and prooxidative state in the liver of
young animals. The results for the impact of L-2-oxothiazolidine-4-carboxylate in combined stress
model suggested that in spite of restore levels of GSH, the restoration of oxido-reductive balance might
have only been partial due to irreversible alterations in antioxidant enzymes set by acute heat exposure
and aging. Interestingly, young animals appeared to be more sensitive to the supplementation of the
L-2-oxothiazolidine-4-carboxylate, likely because of the more extensive increase of GSH observed in
young L-2-oxothiazolidine-4-carboxylate treated animals.
& 2012 Elsevier Ltd. All rights reserved.Q4
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791. Introduction
Recently, many studies explored the impact of aging on stress
tolerance using physiologically relevant challenges such as envir-
onmental heating (Hall et al., 2000a, 2000b; Kregel et al., 1995). In
this direction, Zhang et al. (2003) have shown that tissues injuries
in aged animals are associated with the increased production of
reactive oxygen species (ROS). The same authors suggest that in
aged animals, a decline in the redox status along with increased
ROS production can lead to the extensive hepatocellular oxi-
dative damage. On the other hand ROS are kept at physiologicallyQ581
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trushev, N., et al., L-2-
s liver and kidney. J. Thermoptimal levels by antioxidant defense systems, including the array
of antioxidant enzymes: cellular and mitochondrial superoxide
dismutase, catalase (CAT), glutathione peroxidase (GPx), glu-
tathione reductase (GR) and a nonenzymatic antioxidant such as
reduced glutathione (GSH). Superoxide dismutase converts super-
oxide anions to H2O2, which is then transformed to water by CAT
or by GPx. Glutathione reductase (GR) plays an essential role in
cell defense against reactive oxygen metabolites by sustaining
the reduced status of glutathione, whose reducing power is also
necessary for GPx activity (Djordjevic et al., 2010). Also, the
peroxide-removing action of the GSH system represents one
of the most important redox buffers within a cell because of
its overwhelming abundance (Davidson and Schiestl, 2001). In
this direction recently we have shown that administration of
L-2-oxothiazolidine-4-carboxylate (OTC) protects against heat-
induced GSH depletion in rats’ plasma by increasing the hepato-
cellular pool of cysteine available for GSH synthesis (Hadzi-
Petrushev et al., 2011). Reed (1990) has published that OTC as a
cysteine precursor, raises cellular glutathione levels by provid-
ing a source of cellular cysteine, (the rate-limiting substrate for89
oxothiazolidine-4-carboxylate influence on age- and heat
al Biol. (2012), doi:10.1016/j.jtherbio.2011.12.013
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N. Hadzi-Petrushev et al. / Journal of Thermal Biology ] (]]]]) ]]]–]]]2glutathione biosynthesis). OTC is stable in plasma and is readily
transported into the cells, where it is converted into cysteine by
5-oxo-L-prolinase (Meister, 1983). Moreover, Reed (1990) reported
that OTC under in vitro conditions, raises cellular glutathione and
reduces cellular damage induced by free radicals generated by
ionizing radiation or other sources. OTC has also been shown to
be effective as a nontoxic cysteine delivery system for glutathione
synthesis in neonatal pigs and rats on a cysteine free diet (Aw
et al., 1984; Ghibelli et al., 1995). These evidences indicate that
increase of glutathione levels by supplementation of the exogen-
ous OTC can be useful mean in the protection against oxidative
injury in aged rats affected by heat exposure.
Our experiments were focused on the liver because it shows
age-dependent evidence of increased cellular ROS production
(Yen et al., 1994) and is a prime target of tissue injury with
environmental challenges such as heat stress (Hall et al., 2000b;
Kew et al., 1971). The kidneys were chosen because there is no
previous study for kidney affecting acute heat exposure, aging,
and OTC prevention. In this direction, on the basis of studies from
Goad et al. (1987), Chawla et al. (1984) and Williamson and
Meister (1991), another question was addressed as a result in the
‘‘difference in uptake’’ of OTC between hepatocytes and renal
cells. Actually, the authors mentioned above stated that this dif-
ference in OTC uptake affects GSH synthesis in different extents at
both tissues, in dependence of physiological conditions. From this
reason we hypothesized that affected GSH synthesis and efflux in
these conditions will counterbalance antioxidant enzymes activ-
ities as well. Also, this work represents a logical extension of our
previous work (Hadzi-Petrushev et al., 2011), which was focused
on age- and heat exposure-dependent redox changes in rat’s
blood plasma affected by L-2-oxothiazolidine-4-carboxylate.99
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1332. Materials and methods
2.1. In vivo treatment and exposure
All experimental procedures were conducted in accordance
with the Guiding Principles for the Care and Use of Laboratory
Animals approved by the Macedonian Center for Bioethics. The
investigation was done conforming to the (or in compliance with
the) Guide for the Care and Use of Laboratory Animals published
by the Institutional Animal Care and Use Committee, April 1997,
Oakland University, MI, USA. Anesthetics were applied according
to the standards given by the guide of the Oakland University.
Male Wistar rats (n¼80) were used for all protocols and were
maintained on a 12:12 light:dark cycle and fed standard rat chow
and water ad libitum. All animals were divided into eight groups.
Four groups consisted of 35 day old rats. They were further divid-
ed depending on treatment with OTC and heat exposure into
young saline treated heat-unexposed (YSHU), young saline treat-
ed heat-exposed (YSHE), young OTC treated heat-unexposed
(YTHU) and young OTC treated heat-exposed (YTHE) rats.
The other four groups included 18 months aged rats, they were
divided in a similar manner into aged saline treated heat-
unexposed (ASHU), aged saline treated heat-exposed (ASHE),
aged OTC treated heat-unexposed (ATHU) and aged OTC treated
heat-exposed (ATHE) animals. Treated rats were injected intra-
peritoneally with OTC (6.5 mmol/kg body mass) on the day of
sacrifice, 5 h prior to heat exposure. OTC was dissolved in
physiological salt solution with pH¼7.0. During the treatment
period all animals were housed at 2072 1C.
The heat exposed rats were housed individually in a special
heated chamber maintaining a constant temperature of 4070.5 1C
and relative air humidity of 30–40%. During heat exposure,
colorectal (co-re) temperature (Tco) was read by an electricalPlease cite this article as: Hadzi-Petrushev, N., et al., L-2-
exposure-dependent peroxidation in rat’s liver and kidney. J. Thermthermometer (Ellab TE 3) every 10 min until it reached the
temperature of the chamber, and then the readings were taken
at 2-min intervals. During the period of heating, the access to food
and water was restricted. The exposure was terminated when Tco
reached 4270.5 1C. The animals that did not survive the exposure
term of 2 h were excluded from the study.2.2. Preparation of samples
Animals were sacrificed by ether narcosis, and the abdomen
was immediately incised. For the analyses, liver and kidney
tissues were cut into pieces, cleaned off blood with external
washing, frozen in liquid nitrogen and kept at 70 1C for further
analysis. Briefly, both tissues of each animal were processed with
manual maceration. The samples were sonicated by an ultrasonic
homogenizer (Cole-Parmer Instrument—4710) in phosphate buf-
fer (pH 7.4) and centrifuged for 10 min at 3500g. The supernatant
was transferred to a fresh tube and a second centrifugation was
performed for 10 min at 15000g. The supernatant from the second
centrifugation was used for all assays. All analyses were per-
formed at temperatures 0–4 1C.2.3. Assays for enzymes activity
The levels of GSH in liver and kidney were determined by
test reagents manufactured by Sigma: Glutathione Assay Kits.
The measurement of GSH uses a kinetic assay in which catalytic
amounts (nmoles) of GSH cause a continuous reduction of 5,
50-dithiobis 2-nitrobenzoic acid (DTNB) to 5-thio-2-nitrobenzoic
acid (TNB) and the GSSG formed is recycled by glutathione
reductase and b-Nicotinamide Adenine Dinucleotide Phosphate-
Reduced (NADPH).
GPx activity was determined by test reagents manufactured by
Sigma: Glutathione Peroxidase Cellular Activity Assay Kits. Briefly,
the kit uses an indirect determination method based on the
oxidation of the reduced form of glutathione (GSH) to oxidized
form of glutathione (GSSG) catalyzed by GPx, which is then
coupled to the recycling of GSSG back to GSH utilizing glutathione
reductase (GR) and NADPH (b-Nicotinamide Adenine Dinucleo-
tide Phosphate, Reduced).
The GR activity in samples of tissues was determined using the
assay based on the reduction of glutathione (GSSG) by NADPH in the
presence of glutathione reductase: Glutathione Reductase Assay Kits.
The CAT activities in tissues samples were determined using
the Bio Assay Systems [Enzy Chrom Catalase Assay Kit (ECAT-100)]
improved assay for direct measurement of catalase degradation of
H2O2. The change in color intensity at 570 nm is directly propor-
tional to the catalase activity in the samples.
Analyses for GSH, GPx, GR and CAT were carried out on the
ELISA reader (Bio-Rad), while analyses for tissue protein levels
were carried out on the spectrophotometer Cintra 6. The results
are expressed as mg/mg protein for GSH and U/mg protein for GPx,
GR and CAT. The tissue protein levels were determined using
the method described by Lowry et al. (1951). All assays were
independently performed in duplicate.2.4. Statistical analysis
Data are expressed as means and standard errors of the means
(SEM) and were analyzed using a one-way analysis of variance
(ANOVA) followed by the Bonferroni post-hoc test. The level of
significance established for the test was po0.05. SPSS version
14.0 was used.oxothiazolidine-4-carboxylate influence on age- and heat
al Biol. (2012), doi:10.1016/j.jtherbio.2011.12.013
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L-2-oxothiazolidine-4-carboxylate, NaCl, KCl, Na2HPO4, KH2PO4,
MgCl2, hexaamminecobalt (III) chloride, tris base, sodium citrate,
NaNO2, sulfanilamide, KOH, HCl, perchloric acid, guanidine hydro-
chloride, 1-chloro-2,4,-dinitrobenzene, glycine, NADPH, NADPþ ,
reduced glutathione, BSA, glutathione reductase from Saccharo-
myces cerevisiae, tert-butyl hydroperoxide, hydrogen peroxide,
EDTA, methanol, ethanol, ethyl acetate, 5,5-dithiobis (2-nitrobenzoic
acid), N-ethylmaleimide, 2,4-dinitrophenylhydrazine, trichloro-
acetic acid, 1,1,3,3-tetraethoxypropane and EDTA were obtained
from Sigma–Aldrich.79
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933. Results
3.1. Time course for colorectal temperature changes during the
experimental period
In (Fig. 1)-inset-A are shown phases in co-re temperature
dynamics in all heat-exposed groups and control saline treated
heat unexposed groups. During acute heat exposure, three phases
in dynamics of co-re temperature were detected. The initial one
was referred as primary hyperthermy, the second as temperature
plateau and the third one as secondary hyperthermy (Mladenov
et al., 2006). Primary hyperthermy ended somewhere about
30 min of heat exposure. As a result of limited time of exposure95
97
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Fig. 1. Colorectal temperatures in heat exposed groups: before heat exposure and
30 and 120 min after heat exposure. Inset-A—Time course for colorectal tempera-
ture (T co-re) changes during the experimental period. I and II phases in dynamics
of co-re temperature. Inset-B—magnification of statistical significance between
YTHE and ATHE. YSHU—young saline treated heat-unexposed; YSHE—young
saline treated heat-exposed; YTHU—young OTC treated heat-unexposed;
YTHE—young OTC treated heat-exposed; ASHU—adult saline treated heat-unex-
posed; ASHE—adult saline treated heat-exposed; ATHU—adult OTC treated heat-
unexposed; ATHE—adult OTC treated heat-exposed rats.
Please cite this article as: Hadzi-Petrushev, N., et al., L-2-
exposure-dependent peroxidation in rat’s liver and kidney. J. Thermour results do not show clear difference between second and third
phase. OTC treatment 30 min after heat exposure significantly
prevented colorectal temperature increase in aged animals
(po0.05) in comparison with young animals. This is probably in
relation with age-dependent development of different mechan-
isms for coping with acute heat exposure. On the other hand
our results revealed that after 120 min of heat exposure, OTC
treatment did not cause significant (p¼0.098 and 0.079) changes
in the duration of the second phase in both young and aged
animal groups, respectively, when compared with saline treated
animals (Fig. 1). During the experiment, two adult and one young
untreated rat did not survive the heat exposure. The rate of
survival depending on treatment with OTC did not differ much
from that for untreated (one adult and two young treated animals
died during the heat exposure)–data are not shown.
3.2. Influence of aging, OTC treatment and acute heat exposure
on the GSH levels
The levels of GSH significantly (po0.001) declined with aging
in both the liver and kidney. Treatment with OTC reversed
the effect of age in both young tissues (po0.001, respectively),
but not in aged kidney (p¼0.078). Acute heat exposure caused a
significant decrease of GSH levels in the kidneys of both young
and aged rats (po0.05, respectively). Comparisons between SHE
versus THE animals at young or aged groups, respectively, shown
that OTC treatment significantly (po0.05) prevented diminution
of GSH only in kidney of aged heat-exposed animals (Fig. 2).
Interestingly, preventive effect of OTC treatment was not pro-
nounced in YTHE kidney, where exposure caused GSH declination
was not prevented as a consequence of treatment.
3.3. Influence of aging, OTC treatment and acute heat exposure
on the GPx activity
Glutathione peroxidase (GPx), was found to be decreased
significantly (po0.001) with aging in both the liver and kidney.
The statistical analyses revealed that after heat exposure the GPx
activity significantly (po0.05) was increased in liver of young
animals, but there was no significant change in GPx activity in the
kidney of young rats as well as in liver and kidney of aged rats.
The treatment with OTC by itself or in function of aging or heat
exposure did not cause significant changes in GPx activity neither
in liver (p¼1.000 for both young and aged rats) nor in kidney
(p¼0.798 and p¼1.000 for young and aged rats) (Fig. 3).113
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Fig. 2. Glutathione (GSH) levels in liver and kidney of the young and aged rats.
Data are presented as mean7SEM. *Effect of aging, yeffect of OTC treatment,
zeffect of heat-exposure, yeffect of OTC treatment in heat-exposed rats,
R
effect of
OTC treatment and heat exposure. n,y,z,y,R ; po0.05; nn; po0.001. Abbreviations
for groups are the same as in Fig. 1.
oxothiazolidine-4-carboxylate influence on age- and heat
al Biol. (2012), doi:10.1016/j.jtherbio.2011.12.013
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Fig. 3. Glutathione peroxidase (GPx) activity in liver and kidney. Data are
presented as mean7SEM. *Effect of aging, zeffect of heat-exposure. zpo0.05;
**po0.001. Abbreviations for groups are the same as in Fig. 1.
Fig. 4. Glutathione reductase (GR) activity in liver and kidney. Data are presented
as mean7SEM. *Effect of aging, zeffect of heat-exposure,
R
effect of OTC treatment
and heat exposure. n,z,R ; po0.05; n; po0.001. Abbreviations for groups are the
same as in Fig. 1.
Fig. 5. Catalase (CAT) activity in liver and kidney. Data are presented as
mean7SEM. *Effect of aging, yeffect of OTC treatment, zeffect of heat-exposure,
yeffect of OTC treatment in heat-exposed rats. y,z,y; po0.05. Abbreviations for
groups are the same as in Fig. 1.
N. Hadzi-Petrushev et al. / Journal of Thermal Biology ] (]]]]) ]]]–]]]43.4. Influence of aging, OTC treatment and acute heat exposure
on the GR activity
The data presented in Fig. 4, clearly demonstrate that the aver-
age of GR activity in the liver significantly (po0.001) increased
with aging, whereas in the kidney the GR activity significantly
(po0.05) decreased with increase of age. Acute heat exposure
also caused a significant increase of GR activity in the liver of
young animals (po0.05), while the effect of heat exposure on the
GR activity in the liver of aged animals was opposite and it caused
a significant (po0.001) decrease in GR activity. There were no
significant changes in GR activity in the kidney of both young
and aged rats after acute heat exposure. The treatment with OTC
by itself caused a significant (po0.05) decrease of GR activity in
kidney of young animals. The preventive effect of OTC treatment
was not pronounced in ATHE liver, where treatment does not stop
GR activity decrease as a consequence of exposure.
3.5. Influence of aging, OTC treatment and acute heat exposure on
the CAT activity
There were no significant age-related differences of CAT acti-
vity in the liver and kidney (p¼0.283 and p¼0.254, respectively).
The OTC treatment significantly (po0.05) increased CAT activity
only in liver of young rats. Acute heat exposure affected the CAT
activity only in aged rats and led to a substantial decrease of CATPlease cite this article as: Hadzi-Petrushev, N., et al., L-2-
exposure-dependent peroxidation in rat’s liver and kidney. J. Thermactivities in both tissues of interest (po0.05, for both tissues).
It is interesting that with exception of young livers, OTC treat-
ment in function of heat exposure did not cause any significant
changes in CAT activity (Fig. 5).4. Discussion
In the present study we have investigated whether both aging
and acute heat exposure of male Wistar rats alters antioxidant
capacity in the liver and the kidney, with regard to antioxidant
enzymes activity, and whether these alterations could be pre-
vented by treatment with OTC. Under these conditions and having
in mind that both organs have high oxygen consumption rates,
we have addressed the idea that both investigated tissues may be
susceptible to oxidative damage by free radicals generated during
heat exposure (Mladenov et al., 2006, 2008). The rate of tissues
damage probably can be defined as the rate of deficiency in anti-
oxidant enzymes defense against ROS.
Because we found a decrease in GSH level in our study, it
seems that targeted organs are highly susceptible to oxidative
stress during aging. In this direction Morrison et al. (2005)
showed that CAT activity significantly decreases with aging, while
the activity of GPx remains unchanged during aging. This out-
come was not observed in our study and we found that CAT
activity does not change and the GPx activity decreases with
aging of rats, in both the liver and kidney. Interestingly, with
exception of the liver of young animals, we did not observe
changes in GPx activity under acute heat exposure as well. The
lack of alteration of the GPx activity in aged heat-exposed rats
may also be a consequence of changes in glucocorticoid hormones
(Jose et al., 1997), whose level is highly affected during acute
stress (Michel et al., 2007). This assumption was further corro-
borated by our findings for down-regulating effect of heat expo-
sure on the GR activity in the liver of adult heat-exposed animals,
since the expression of this enzyme is known to be inhibited by
increase of H2O2 (Gutierrez-Correa and Stoppani, 1997). GR is
known to be an essential enzyme in regulation of overall homeo-
static oxido-reductive balance in any living cell, and the lack of GR
activity was previously demonstrated in numerous clinical patho-
logies (Loos et al., 1976). Therefore, we documented that acute
heat exposure led to disproportion between peroxide metaboliz-
ing enzymes (CAT, GPx) and GR, thus promoting H2O2 accumula-
tion and pro-oxidative state in the liver of young rats.oxothiazolidine-4-carboxylate influence on age- and heat
al Biol. (2012), doi:10.1016/j.jtherbio.2011.12.013
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in CAT activity in both tissues, only in aged rats. On the other
hand, Zuo et al. (2000), have shown that increased CAT activity
potentiates heat stress-induced cell death via scavenging of H2O2.
The same authors stated that increased CAT activity may not be
observed immediately after heat stress to allow unimpeded HSF1
activation and subsequent development of thermo tolerance.
Moreover, they assume that subtle changes in CAT activity cannot
be excluded when these data are considered with the reduction
in liver GSH. This assumption was supported by our finding of
reduction in GSH level during heat exposure, in kidneys of both
young and aged animals. Also, in this study, we have shown that
reductions in hepatic GSH are counterbalanced by increases in
hepatic GR activity in young rats. The last relationship indicates
that maintaining a balance between enzymes and proteins res-
ponsible for each step of removal of ROS would seem to be a
prerequisite for maintaining the redox homeostasis.
It may be of special interest to mention that GPx was not
restored in spite of the prominent increase in the level of liver
GR activity during aging. On the contrary, highly increased GR
activity in the liver of young animals as a consequence of heat
exposure was followed with increased GPx activity. Young ani-
mals had also an increase of the level of GSH in liver and kidney
and an increase of the CAT activity only in liver as a consequence
of treatment with OTC. In line with studies of Vergauwen et al.
(2003), our study shows that treatment with OTC increases reli-
ance on CAT activity after heat exposure to counterbalance the
reduction in cellular GSH and keep H2O2 levels under control in
young animals. These results represent verification for the ability of
OTC to increase endogenous antioxidant capacity in liver of young
animals. Indeed, almost in all tested parameters in heat exposed
groups, there is a clear tendency of OTC treatment to prevent or
even remedy heat induced alteration; however these changes are
still not statistically significant with exception of the GSH levels.
Taken together, the results for OTC impact on combined stress
model suggest that in spite of restored levels of GSH, the resto-
ration of oxido-reductive balance might have only been partial
due to irreversible alterations in antioxidant enzymes set by aging
and acute heat exposure.
In summary, the fluctuations in antioxidant enzymes activity
observed in this study suggest that aged animals are character-
ized by a lack of antioxidant enzymes activity. Interestingly,
young animals appeared to be more sensitive to the addition of
the OTC, likely because of the more extensive increase of GSH
observed in young OTC treated animals.
Finally, we conclude that OTC had particular effect on cytosolic
glutathione-utilizing or restoring enzymes in rats’ liver and
kidney, which indicated that its effects are related mainly to its
ability to be converted to GSH. Although, OTC have been explored
for use in treating different stress-related conditions, because of
the complexity of the reactions that are involved, the area is far
from being understood and further studies will be required.121
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